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Abstract
The outlet flow fields of a low-speed repeating-stage compressor with bowed stator stages are measured with five-hole probe un-
der the near stall condition when the rotor/stator axial gap varies. The performances of the straight stator stages are investigated and 
compared to those of the bowed stator stages. The results show that using bowed stator stages could alleviate the flow separation at both 
upper and low corners of the suction surface and the endwalls, and decrease the losses along the flow passage as well as the outlet flow 
angle. As the rotor/stator axial gap decreases, although the diffusion capacity of the compressor increases obviously, the outlet flow field 
in the straight stator stages deteriorates quickly. By contrast, little changes occur in the bowed stator stages, indicating that as the ro-
tor/stator axial gap decreases, improved performance is achieved in the bowed stator stages. 
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Nomenclature*
Cz_in:    inlet axial velocity 
Utip:     velocity at the blade tip 
Cm:  mass flow rate coefficient, Cz_in/Utip
*
outp : outlet total pressure of the compressor 
*
inp :     inlet total pressure of the compressor 
S:  total pressure ratio, * *out in/p p
G:  mass flow rate 
k:  specific-heat ratio 
R:  universal gas constant 
T1:   inlet total temperature 
Hs:   Isentropic stagnation enthalpy, 
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M:  input torque 
n:  rotating speed 
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N:  consumed work, 2S/ (60Mn)
K:  efficiency, Hs / N
Uin:      inlet density 
\TT:     total pressure rise coefficient, 
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1 Introduction 
The installation of bowed blade in the high 
performance compressor was studied by Breugel-
mans, et al[1-2], Sasaki and Breugelmans[3] and Bo-
god[4]. Their investigation showed that the bowed 
blade with suitable lean length and lean angle would 
reduce the endwall losses effectively. Using bowed 
blade could avoid the flow separation in the corners 
of the suction surface and endwalls, thus increasing 
the compressor efficiency. The results from the 
transonic fan stage showed that the bowed-twisted 
stator changed the distribution of the high-energy 
fluid in the middle of the passage as well as the dis-
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tribution of the total pressure ratio and total tem-
perature ratio leading to significant reduction of the 
endwall losses[5-6]. Fischer, et al[7] concluded that 
under the near stall condition, the positively bowed 
blade increased the static pressure ratio of the com-
pressor. The experimental study by Chen, et al[8]
demonstrated that under the near stall condition, the 
compressor with the positively bowed blade attained 
more improvements in efficiency. 
Over the past two decades, the engines tended 
to be made more compact. Reducing the axial gap 
between the stator and the rotor became an impor-
tant approach to achieve the goal. The experimental 
investigation showed that the variation of the axial 
gaps brought significant influences on the opera-
tional performances of a compressor[9-10]. Layachi 
and Bolcs[11] tested four different axial gaps and 
found that the efficiency could be at most raised by 
3%, but no distinct relationship was found between 
the efficiency and the axial gaps. Zhang, et al[12]
found that, in a low-speed single stage compressor, 
the mass flow rates under the stall condition de-
creased with the rotor/stator axial gap decreasing. 
The investigation of Li, et al[13-14] revealed that the 
full span single cell rotating stall occurred at small 
axial gap while the full span multi-cell rotating stall 
dominated at large axial gap. The frequency and the 
influential range of the pressure fluctuation also 
changed significantly under the near stall condition. 
Chen, et al[15-16] observed in the experiments that the 
clocking effect lessened and the mass flow under 
the near stall condition increased as the rotor/stator 
axial gap decreased. 
This article measures the inlet and outlet flow 
fields of two low-speed repeating-stage compressors. 
Of them, one comprises the stages equipped with 
conventional straight stator blades, which is taken 
as the base of comparison and termed as the BASE-
LINE in the following part of this article. The other 
is with bowed stator blades. The total pressure rise 
coefficient and other aerodynamic parameters of 
both compressors are compared at the outlets under 
the near stall condition with the same mass flow rate 
coefficient. The main purpose of this article is to 
make an insight into the working mechanism of the 
bowed stator to improve the flow field under the 
near stall condition at different rotor/stator axial 
gaps.
2 Test Instrumentation and Experimental 
Scheme 
2.1 Test apparatus and rotor/stator axial gap 
schemes
The experiments are carried out in Harbin In-
stitute of Technology (see Fig.1). The rotating speed 
is rated 3 000 r/min. The airfoils of the rotor and the 
stator are chosen to be NACA65-24A10-10. Table 1 
shows the detailed parameters. The inlet aerody-
namic parameters are measured with two four-hole 
dynamic pressure probes located at 200% axial 
chord length of the stator upstream the first rotor. 
The lean angles at the tip and the hub of the stator 
are 18° and 24° respectively. The lean length 
amounts to 10% blade height at both endwalls. 
Fig.2 shows the stacking line of the bowed stator. 
The rotor/stator axial gap scheme is given in Fig.3. 
Fig.1  A schematic of test apparatus.
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Table 1 Design parameters of the compressor 
Rotating speed/(r·min–1) 3 000 Axial velocity/(m·s–1) 48 
Mass flow rate/(kg·s–1) 8.7 Pressure ratio 1.05 
Tip radius/m 0.3 Hub radius/m 0.2 
Axial gap of blade row 
at mid-span/mm 30   
 Rotor Stator 
Aspect ratio (span/chord) 1.25 1.27 
Inlet metal angle at mid-span/(°) 53.59 28.21 
Outlet metal angle at mid-span/(°) 49.02 –8.64 
Number of blades 20 20 
Clearance/mm 0.7 1.5 
(P.S.—pressure surface; S.S. —suction surface) 
Fig.2  A bowed blade. 
Fig.3  A schematic of axial gaps. 
The rotors keep fixed while the stators move up 
stream to reduce the axial gap to 67% and 33% of 
the original (100%) axial gap respectively. Three 
axial gaps therefore were obtained in the experi-
mental investigation. 
2.2 Flow field measurements 
The overall performance is calculated from the 
data measured at the exit of the second stage stator 
i.e., at 350% axial chord length of the stator down- 
stream. Three four-hole dynamic pressure probes are 
placed uniformly distanced in the flow passage (see 
Fig.4). The total pressure holes are distributed on 
equal annular areas in radial manner, and the static 
pressure hole is located at the side of the middle 
total pressure hole. Fig.5 shows the distribution of 
traverse measurements at the stator exit. Under the 
near stall condition, the outlet flow field of the base-
line and the bowed stator stages are measured by 
using a five-hole probe at 32% of axial chord length 
downstream of the second stage stator. There are 
distributed 39 stations in the circumferential 
direction and 30 in the radial direction. The circum- 
ferential measurement is preformed one and a half 
pitch, i.e. a 26° sector. The spacings within the po-
tential flow field are 1° and 0.5° in the wake region 
(6° in total). The radial measuring stations are ar-
ranged from 2.5% to 97.5% of the blade height, and 
clustered near the two endwalls with the minimum 
distance of 0.5 mm. The details of the outlet flow 
field can be understood from the traverse measure-
ments. The compressor maps for the baseline and 
Fig.4  Test of overall performance. 
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Fig.5  Distribution of section tests. 
Fig.6  Test scheme of mass-flow coefficient. 
the bowed stator stages are obtained at the three 
axial gaps. As shown in Fig.6, the near stall condi-
tion with the mass flow rate coefficient of 0.4 is 
selected to investigate the working mechanism, by 
which the bowed stator stages offer favorable ef-
fects on the flow field at the different axial gaps. 
3 Results and Discussions 
3.1 Total pressure rise coefficient 
Fig.7 shows the contours of the total pressure 
rise coefficients at the compressor outlet for the 
baseline and the bowed stator stages with different 
axial gaps. In the case of 100% axial gap, as shown 
in Fig.7(a) and Fig.7(d), under the near stall condi-
tion, significant flow separation takes place near the 
suction surface of the baseline, and the low-energy 
fluid region occupies about one third of the pitch in 
the flow passage. In the case of the bowed stator 
stages, the high loss region extends less in the pitch 
wise direction. In addition, the inward blade force 
resulted from the bowed stator at the tip pushes the 
low-energy fluid towards the mid-span, thus making 
the loss in the tip corner area significant less than 
that of the baseline, but causing a more severe ac-
cumulation of the low-energy occurs at 20% of the 
blade height with a distinct high loss region appear-
ing in the middle of the flow passage. Another high 
loss region occurs at the hub due to the leakage flow 
there. As shown in Table 1, there exists a gap of 1.5 
mm between the stator and the shaft for this com-
pressor rig. Compared to the baseline, the bowed 
stator stages have a larger high loss region much 
closer to the pressure surface because it leans to-
wards the rotational direction at the hub thereby 
enhancing the leakage flow. The enhanced leakage 
flow enlarges the high-loss region, and pushes it 
towards the pressure side, resulting in shifting the 
high loss region in the circumferential direction. 
However, since the low-energy fluid is forced up-
wards due to the blade bowing at the hub, the value 
of loss in this low-energy fluid region is still less 
than that in the baseline. 
As the rotor/stator axial gap decreases, the total 
pressure rise coefficient increases obviously in the 
main flow region of the baseline, showing that the 
overall diffusion capacity is enhanced, but the flow 
(a) 100% axial gap with straight stator 
(b) 67% axial gap with straight stator 
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(c) 33% axial gap with straight stator 
(d) 100% axial gap with bowed stator 
(e) 67% axial gap with bowed stator 
(f) 33% axial gap with bowed stator 
Fig.7  Contours of total pressure rise coefficient at com-
pressor exit. 
separation near the suction surface and the leakage 
flow at the stator hub becomes more significant. As 
for the bowed stator stages, when the axial gap de-
creases, the flow separation near the suction surface 
remains at the same level and the total pressure rise 
coefficient in the main flow region gradually in-
creases. The diffusion capacity is stronger than that 
of the baseline with the same rotor/stator axial gaps. 
3.2 Streamlines in flow field 
Fig.8 illustrates the streamline distribution at 
the compressor outlet. Under the near stall condition, 
the flow turning declines. The circumferential ve-
locity in the main flow region shifts from the S.S. to 
the P.S. with the fluid under-turning. However, flow 
over-turning is seen in the flow separation region 
because of the back flow effect. In the case of 100% 
axial gap, as shown in Fig.8(a) and Fig.8(d), the 
baseline and the bowed stator stages show a similar 
structure of streamlines. In the bowed stator, the 
flow separation near the suction surface of the stator 
declines obviously from the mid-span to the upper 
endwall, but the flow behavior in the hub region 
improves less than the baseline. It is noted that, in 
the baseline, the radial velocity in the flow separa-
tion region near the stator suction surface points to 
the blade tip, which makes the low-energy fluid 
separating from the endwall and the blade suction 
surface accumulate in the upper corner, causing 
high loss in that area. In the bowed stator, however, 
the radial velocity of the secondary flow in the up-
per half of blade height points to the blade hub, 
making the radial force caused by the bowed stator 
drive the separated flow to the mid-span of the 
blade thus reducing the loss in the tip corner. In fact, 
like the tip region of the bowed stator, a radial force 
from the hub to the mid-span also takes effect at the 
hub region, which should be beneficial to the loss 
reduction at the lower endwall. However, as shown 
in Fig.8, the flow behavior in the hub region im-
proves little. This might be blamed for that, on the 
one hand, the radial shift of the low-energy fluid at 
the tip towards the mid-span counteracts the low- 
energy fluid moving from the hub, and, on the other 
hand, the enhanced leakage flow in the bowed stator 
hub region alleviates the upward movement of the 
low-energy fluid from the hub. It is surmised that 
the bowed stator can suppress the flow separation 
and reduce the loss mainly due to the flow behavior 
improvement in the upper corner region under the 
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near stall condition. 
As the rotor/stator axial gap decreases, the flow 
field of the bowed stator stages becomes quite dif-
ferent from the baseline in rapid deterioration. At 
33% axial gap, for example, the streamlines in the 
main flow region become much more disordered; 
the trend of the low-energy flow moving to the tip 
(a) 100% axial gap with straight stator
(b) 67% axial gap with straight stator
(c) 33% axial gap with straight stator
(d) 100% axial gap with bowed stator
(e) 67% axial gap with bowed stator
(f) 33% axial gap with bowed stator 
Fig.8  Streamline distribution at compressor outlet. 
corner region becomes more obvious, and the low- 
energy region at the hub also enlarges. Due to the 
interaction between the leakage flow at the hub and 
the back flow in the flow separation region, a clear 
saddle point forms and moves to the pressure sur-
face gradually as the axial gap decreases. This 
means that the leakage flow at the hub is enhanced, 
and the flow separation region is enlarged as the 
rotor/stator axial gap decreases in the baseline. The 
flow instability is also intensified as the axial gap 
decreases (see Figs.8(a)-8(c)). As a result, the stall 
margin will be affected to a certain extent. On the 
contrary, the streamlines of the bowed stator stages 
change little at different rotor/stator axial gaps (see 
in Figs.8(d)-8(f)). It stands to reason that the bowed 
stator stages have a favorable effect on the flow 
field under the near stall condition when the axial 
gap decreases. Therefore, the bowed stator is rec-
ommended to be used in the compact compressors 
to achieve high overall performance. 
3.3 Radial distribution of the pitch-averaged 
parameters
Fig.9 shows the distribution of the pitch-aver-
aged total pressure rise coefficients (\TT) along the 
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along the blade height ( H ). Under the near stall 
condition, the diffusion capacity at the upper half of 
the blade is higher than that at the lower half. As the 
rotor/stator axial gap decreases, the diffusion capac-
ity increases. Compared to the baseline, the bowed 
stator stages have a higher total pressure rise along 
the blade height except in the range from 20% to 
50% of the blade height for the 67% and 100% axial 
gap cases. It means that the radial force of the 
bowed stator tends to shift the separated boundary 
layer from both endwalls to the mid-span. Due to 
the intervention of the hub leakage flow, the asym-
metrical effects at both endwalls cause the low-en-
ergy fluid to accumulate from the mid-span to 20% 
of the blade height and reduce the total pressure rise 
coefficient in this region. This corresponds with the 
distribution of total pressure rise coefficients in 
Fig.7. As mentioned above, the overall diffusion 
capacity increases in the bowed stator stages be-
cause of the flow separation reduction near the 
suction surface, especially in the tip corner region. 
For the same reason, in the case of 33% axial gap, 
the diffusion capacity of the bowed stator stages is 
stronger than that of the baseline along the whole 
blade height, indicating a large potential to enhance 
the diffusion capacity in the bowed stator stages at 
reduced rotor/stator axial gaps. 
Fig.10 demonstrates the radial distribution of 
the pitch-averaged outlet flow angles (D). The outlet 
flow angle of the bowed stator stages is 5° less than 
that of the baseline. As shown in Fig.8, the main 
flow region enlarges while the flow separation re-
gion gets smaller. The circumferential velocity of 
the streamlines towards the pressure surface results 
in an under-turning flow through the bowed stator 
stages causing a corresponding reduction of the 
outlet flow angles. In contrast, in the baseline, 
theincrease of the outlet flow angle occurs in the 
flow separation region, which also leads to losing 
pressure rise in the flow passage. As the rotor/stator 
axial gap decreases, the variation of the outlet flow 
angle in the baseline turns more obvious than that in 
the bowed stator stages. It implies that the flow 
separation region in the straight stator passage in- 
Fig.9  Radial distribution of total pressure rise coefficients. 
Fig.10  Radial distribution of outlet flow angle. 
creases much more than in the bowed stator passage. 
This also alludes to the ability of the bowed stator 
stages to provide a more stable outlet condition than 
the baseline when the rotor/stator axial gap varies. 
4 Conclusions 
(1) The compressor with bowed stator stages 
suppresses the flow separation in both corner re-
gions reducing the loss associated with it, and in-
creases the compressor diffusion capacity more than 
the compressor with straight stator stages. But the 
outlet flow angle of the bowed stator stages declines 
due to the reduction of the flow separation region. 
Larger outlet flow angles get in the baseline result 
in intensive flow separation and generation of more 
flow losses. 
(2) While the rotor/stator axial gap decreases, 
the diffusion capacity increases within the main 
flow region. In the baseline, the flow separation 
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region enlarges in the flow passage, but changes 
little in the bowed stator stages. Compared to the 
baseline, the bowed stator stages have an improved 
diffusion capacity at small axial gaps. 
(3) The flow field at the outlet of the baseline 
deteriorates rapidly as the axial gap reduces. The 
streamlines in the main flow region become much 
more disordered, and the trend of the low-energy 
flow moving towards the two endwall corner re-
gions becomes more obvious, which is mainly re-
sponsible for the loss increase of the baseline. By 
contrast, the streamlines at the outlet of the bowed 
stator stages change little as the axial gap decreases, 
which means that the bowed stator stages will re-
duce the losses in the flow passage more effectively 
at reduced rotor-stator axial gaps. 
(4) Compared to the baseline, the bowed stator 
stages reduce the endwall loss. The decrease of the 
overall loss takes effect in the bowed stator stages 
even though the losses at the mid-span increase due 
to the radial shift of the low-energy fluid from the 
endwalls to the mid-span, and the performance im-
provement becomes more significant as the ro-
tor/stator axial gap decreases. 
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